The intracavity chemistry of [CpFe(C0),I2 (1) and ferrocene in different acid forms of zeolite Y has been studied with EXAFS, in situ FTIR, and TPD-MS spectroscopies. Depending on the stoichiometry of zeolite protons vs the amount of starting complex 1, the complex is either oxidatively cleaved into CpFe(CO)3f ( 2 ) and CpFe' coordinated to the zeolite, or protonated to form dimeric [CpFe(C0)2]2H' (3). It is shown that the stability of all complexes is influenced by the intracavity concentration of the zeolite-bridged hydroxyl groups. The cationic monomer 2 is stable up to 500 K in the highly acidic zeolite host, whereas the protonated dimer decomposes above 400 K. At higher temperatures, all carbonyl ligands are split off from the iron complexes, and the remaining dominant fragments are identified as CpFe(OZ), (n = 2-3), bonded to the zeolite host structure via oxygen coordination. Similar fragments are formed upon thermal decomposition of ferrocene in the zeolite.
Introduction
The immobilization of catalytically active species derived from organometallic catalysts is motivated by the potential combination o f several benefits, including better separation from reaction products. site isolation, and higher stability compared to the parent compounds. A wide range of transition-metal n-allyl, C p (cyclopentadienyl), and olefin-derived catalyst precursors have been prepared during the last decade, including group IV, VI, and VI11 metal species supported on amorphous oxides.'-4 However, the scope of support/host systems can in principle be significantly extended to include the well-defined, crystalline pore structures of zeolites. Zeolites are porous metal oxides, typically aluminosilicates, which offer channel structures with pore diameters in the 3-1 2-A range with ion-exchange capability and adjustable electronic/acidic proper tie^.^-^ Zeolites are particularly attractive supports for several reasons: In addition to the expected benefits of conventional hybrid catalysts, the zeolite cage system may play an active catalytic role by imposing high diffusional selectivity, altered stereochemistry, and stabilization of unusual structures. As a result of previous attempts to immobilize catalysts in zeolites, it became apparent that low-valent metal species such as carbonyls or small metallic clusters show only weak interaction with the zeolite surface.*l9 The resulting agglomeration of the metal phase and potential migration to the host surface reduces the unique selectivity induced by the zeolite pore structure. I0 We explore routes to immobilize organometallic fragments via formation of stable bonds between the metal species and the highly reactive inner surface of the acid form of zeolites. This concept has been demonstrated by utilizing an H Y zeolite host to entrap triallylrhodium." Zeolites offer the possibility of controlled reactant-support interaction with their well-characterized adsorption sites. An additional benefit of this immobilization strategy is the great extent of control over the intrazeolite location of the metallic fragments: Large ligands such as Cp and gentle reaction conditions can prevent diffusion of the fragments into smaller cages nhich would not be accessible to some reactant molecules. In contrast. the classical route to, e.g., intrazeolite Rh carbonyls involve> metal ion exchange and severe dehydration steps at high 003-2-36541 89/2093-4562$01.50/0 temperature which cause cation migration into smaller cages. Hence, subsequent coordination chemistry can include or even be limited to metal ions located in less accessible small cages. Large pore zeolite Y (faujasite) has been chosen as the host structure in the present study. Three types of cages with different sizes are generated in zeolite Y by interconnected corner-sharing AIO, or S O 4 tetrahedra: the small double six-ring with a free pore diameter of 2.6 A, the larger sodalite unit (diameter 6.6 A), accessible through single six-rings, and the supercage with 12-ring windows of approximate 7.5 A and a diameter of 12.5 A. Internal diffusion is possible through the three-dimensional network of the supercages or through the smaller six-ring windows of the sodalite cages. The negative charge of the framework is compensated by cations, which, after dehydration, occupy defined positions in the crystal structure. The cations can be exchanged by other cations or by protons to form acidic supports with adjustable hydroxyl concentration. Intra-faujasite hydroxyls are based on bridged oxo units in contrast to the terminal hydroxyls found on amorphous metal oxide surfaces.
A fundamental understanding of relative ligand stabilities in the zeolite pore system is required for a rational design of zeolite-based transition-metal hybrid catalysts. We explore the reactivities of a number of representative ligands of iron complexes with respect to the intrazeolite hydroxyl groups. In this study, the intrazeolite chemistry of [CpFe(CO)2]2 (Cp = q-5-cyclopentadienyl) (1) and ferrocene in zeolite Y has been examined with EXAFS, FTIR, and TPD-MS spectroscopies. It is found that at elevated temperatures all carbonyl ligands are split off from the intermediate products to form the "half-sandwich" CpFe'-(OZ); (4), which is coordinated to 4-and 6-membered rings in the zeolite supercage. A similar intrazeolite fragment (4) is obtained from ferrocene when heated in the acid zeolite under vacuum.
Experimental Section
Sample Preparation. Three different supports were used in this study: N a Y (commercial Linde LZ-Y52 [ Na57A15,Sil,s0384]-235H20), partially proton exchanged H2Y derived from LZ-Y52 via ion exchange with 2NH4+ per supercage (in NH4C1 solution under reflux for 24 h followed by several washings) to give support H2Y, and highly acidic H6Y (6H+/sc, sc = supercage) derived from Linde LZ-Y62 [(NH4)45Na10-A155Si1370384].235H20. Heating under vacuum at 1 K/min up to 700 K gave the desired acid form of the zeolite. The degassed zeolites were transferred into a glovebox for further treatments. Sample notations indicate the formal amount of protons per supercage to allow comparison with the amount of molecules adsorbed into the support. The unit cell (uc) in faujasites contains eight supercages. It should be noted that the protons are distributed between the supercages and the sodalite cages. Based upon previous work, the protons are partitioned approximately 1 : l in these two cage systems.I2 Loading with commercial Sample characteristics and names are compiled in Table I . During in situ FTIR-MS measurements (see below), samples were heated either at a rate of ca. 1 K/min to 460 K (actual sample temperature measured at the Si support wafer), or by a step function at 1 K/min to 333 K, kept at this temperature for 10 h, and subsequently heated with the same rate to 383 K, kept for IO h, and finally heated to 500 K. Heat treatments of the above samples for the EXAFS measurements were done in small quartz reactors connected to a vacuum line with Torr base pressure. A 0.5-g portion of the sample was heated at 1 K/min to 373 K, kept at this temperature for 10 h, and subsequently heated at I K/min to 473 K and kept for 10 h. Samples were recovered after each 10-h period. When appropriate, the treatment temperature is added to the sample name.
FTIR-TPD-MS. FTIR data were obtained with a Mattson Polaris spectrometer at 4-cm-' resolution. Thin dispersions of the zeolite samples were deposited on IR-transparent Si wafers and introduced into a heatable in situ cell under nitrogen atmosphere in a glovebox. The cell was coupled to an ultrahigh vacuum thermodesorption apparatus combined with a quadrupole mass spectrometer (Dycor M200, 1-200 a m ) . A base pressure of Torr was achieved with a cryogenic pump. Samples were evacuated until the pressure dropped below lo-' Torr at room temperature prior to each experiment. Up to five mass fragments could be monitored as a function of time/temperature in the TPD/MS experiments. Additional TPD/MS data were obtained on a Finnigan mass spectrometer by scanning masses 20-1000 while heating from 323 to 623 K at a heating rate of 16 K/min. EXAFS. EXAFS measurements were performed at NSLS Brookhaven National Laboratory at beamline X-1 1A with a stored electron energy of 2.5 GeV and ring currents between 60-1 10 mA. Fe K-edge data at 71 12 eV were collected at about 100 K in transmission by using a Si( 11 1) monochromator. The powdered samples were sealed in a 1 : 1 dodecane/octadecane mixture and kept under nitrogen until EXAFS data were collected. The sample thickness was adjusted such that the total absorption did not exceed p x = 2 to provide an optimum signal-to-noise ratio.
The EXAFS data were analyzed following standard proced u r e~. '~ Phase shifts and backscattering amplitudes were extracted from the following references (scatter shells in parentheses): Fe foil (Fe-Fe), Fe(II1)acac (Fe-0), ferrocene (Fe-C), and FeC3H5(C0)3CI (Fe-CQ). Crystallographic data of the reference compounds and Fourier transform ranges used in the data analysis are listed in Inverse Fourier transform range applied to reference data. 'Range includes shell at R = 2.866 ( N = 6) which cannot be separated.
Fourier transform range applied to reference data.
Wovelength (um) 4. spline function. Normalization to an Fe atom basis was based on the step height of the absorption edge. References and samples were processed similarly to avoid artifacts.
Results

Adsorption of [ C P F~( C O )~]~ into Zeolite Supports at Room
Temperature. The IR CO stretching spectra of the complex [CpFe(CO)2]2 (1) adsorbed into different zeolite supports are shown in Figure la -c. Upon loading 1 into dehydrated N a y , the two strongest peaks of the precursor iron dimer shift to higher and lower frequencies (1964, 1797 cm-' in heptane14 -1997, 1725 cm-', Figure la), possibly due to interactions with the zeolite pore system. Two additional bands at 2120 and 2075 cm-l are observed in the partially proton-exchanged sample H2YFp2 (Figure 1 b) . These high stretching frequencies are characteristic for the monomeric cationic carbonyl complex [CpFe(CO),]+ (2) (reported: 2120 and 2070 cm-'I5), Both complexes 1 and 2 are also present in the highly acidic zeolite H6Y, but the relative amount of the precursor 1 is strongly reduced ( Figure IC ). An additional set of CO stretching frequencies at 2066, 2039, and 2012 cm-' is assigned to the protonated dimer complex [CpFe(C0),I2H+ (3) (reported 2068,2045, and 2008 cm-l 16 ). This assignment is based upon the corresponding solution chemistry and the selective removal of this set of bands upon thermal decomposition (see below). This complex is the major reaction product in the zeolite support with the highest proton concentration.
The formation of the protonated dimer 3 or the cationic complex 2 consumes a certain fraction of the zeolitic framework hydroxyls.
The dehydrated zeolite support H6Y shows two strong hydroxyl bands resulting from protons attached to oxo bridges in the large supercage (3650 cm-I) and in sodalite units (3550 cm-l, Figure   (14 decrease of the carbonyl bands starting at 365 K is evident in the IR. All carbonyl ligands are split off at 413 K. This correlates to a strong CO peak detected in the corresponding mass spectra with a maximum at 398 K (Figure 5a ). No other components except residual hexane from the sample preparation are detected in the gas phase in this temperature range. Ferrocene as the most likely other decomposition product is diffusionally hindered in the zeolite cavities and starts to evolve above 395 K, detected in the MS as iron ions ( m / e 56) together with protonated cyclopentadiene (not shown) and FeCp' ( m / e 121) (see Figure 5b for the mass scans). Thermal Decomposition of [CpFe(CO),], in H2Y Studied by IR, MS, and EXAFS. If the zeolite support contains a limited concentration of bridged hydroxyls (sample H2YFp2), the FTIR-TPD experiments indicate an earlier onset of the decomposition of 1 as compared to the NaY host. FTIR spectra of the carbonyl region at representative temperatures are shown in Figure  6 . The cationic complex 2 is found to be stable up to ca. 385 K. Figure 7 shows the corresponding mass spectra. A large fraction of carbon monoxide now evolves at 370 K (compared to 398 K in N a y ) from the proton promoted decomposition of the dimer. This first CO evolution is accompanied by protonated Cp ( m / e 66), but neither the ferrocene fragment FeCp+ ( m / e 121) nor Fe+ is detected at higher temperatures (as found with sample NaYFp2). This indicates a different thermal decomposition path which leaves the remaining iron species trapped in the zeolite cages. A second CO evolution at 412 K corresponds to the loss of all remaining carbonyls as observed in the IR. This evolution is assigned to the thermal decomposition of the dimer similar to sample NaYFp2.
EXAFS spectroscopy is sensitive to the local structural environment of the X-ray absorbing atoms. It provides direct information about the first coordination spheres around the iron atoms and can help to distinguish between possible reaction products. EXAFS data were obtained from sample H2YFp2 treated under slightly different conditions from the IR experiments:
QAccuracy of N f20-30%, of R &1-2% (for each backscattering shell). * I n parentheses: crystal structure data for complex 1. cIn parentheses: crystal structure data for CpFe(CO)3PF3. dThe CO ligand was fitted with a linear Fe-CO reference, expected to result in a smaller value for 1, where two bridged CO ligands are present in addition to only one linear terminal co.
The sample was heated under vacuum up to 373 and 473 K and kept at these temperatures for 10 h each. After a period of 2 weeks when EXAFS data were taken, this sample contained primarily the cation 2 (see below). The normalized EXAFS data and Fourier transformations (FT) of the pure complex 1 and loaded into the zeolite followed by different heat treatments are shown in Figure 8 . All FT's are uncorrected for phase shifts, and peak maxima appear 0.3-0.5 A shifted to lower bond distances. The FT of the precursor dimer serves as a standard to estimate relative changes between the samples. However, the dimer cannot be used for reference purposes in the EXAFS data analysis since all neighboring shells are strongly convoluted in the FT. Other standards had to be chosen for each different scatterer contribution in these samples: Fe foil for Fe-Fe scatterer, FeCp, for Fe-C, FeC3H,(C0)3C1 for Fe-CQ, and Fe(II1) acac for Fe-0 scatterer. EXAFS data of these compounds are shown in Figure 9 . To assure the validity of the fitting procedures described subsequently, all references were first applied to the dimer itself, and fit results were compared with the known crystal structure. A good agreement with structural data could be achieved despite the presence of multiple shells in the EXAFS data (see Figure lOa ,b and Table 111 ).
A comparison of the FT of the precursor complex 1 with that of sample H2YFp2 at room temperature (H2YFp2/295; Figure   8d ) reveals dramatic changes: the peak at about 2.2 A which is assigned to the Fe-Fe contribution from the analysis of the dimer is now dramatically reduced, while both adjacent peaks increased slightly in intensity. In a first step of the EXAFS data analysis of this sample, small inverse FT windows were applied in order to obtain EXAFS modulations consisting of single neighbor shells. This procedure reduces the number of variables in the fit procedure. Thefirst peak at about 1.7 A (uncorrected), presumably due to the Fe-C shell from FeCp and/or FeCO contributions, was backfiltered over a range between 1.28-2.0 A. An acceptable fit of this contribution could only be achieved with two different F e C bond distances of 2.10 and 1.83 A with ferrocene as Fe-C ref-
erence. However, the quality of the fit improved if an Fe-0 shell was also considered to be present. Back-transformation of the Fe-Fe scatterer (the second peak) would have required a very narrow window which could result in truncation errors. Therefore, a larger window of 1.28-2.30 8, including the first and the second peak was applied in a second step. In addition to the previously obtained values for the Fe-C and Fe-0 contributions, an Fe-Fe scatterer was included in the fit of this region. In a third step, the area between 2.3 and 3.0 A, corresponding to the carbonyl Table I11 and can be compared to the structural data of the dimer 1 and the cationic monomer 2. In agreement with 1R data of this particular sample (see Figure 1 l), these combined EXAFS results indicate the dominant presence of the cationic monomer 2, in addition to about 20% of unreacted dimer 1 (see below for comments on the stability of the adduct). In addition, a first-shell oxygen ligation of part of the iron phase appears to be present at Fe-0 = 2.06 A.
As shown in Figure Sf , an overall reduction of all peaks takes place when the sample is heated to 373 K, indicating a slow 
Moller et al. decomposition process of all fragments. A temperature treatment for 10 h at 473 K results in a total loss of carbonyl ligands, as evident from the disappearance of the EXAFS FT peak at about 2.5 8, (H2YFp2/473; Figure 8h) . Furthermore, the Fe-Fe contribution is reduced to noise level. Two new features can be observed: a peak at a short distance of about 1.4 8, and a small outer-shell contribution at 2.8 8, (uncorrected) . The latter contribution is typical for an interaction between transition-metal ions in zeolite four-ring or six-ring cation positions and the zeolite framework Si/A1 atoms.'* If bare iron ions were coordinated to those sites formed by two or three oxygen atoms, the first coordination sphere would consist exclusively of zeolite oxygen atoms. However, a fit of this sample with only oxygen shells including both relevant peaks between 1.17 and 2.3 8, was never satisfying even when allowing three different Fe-0 distances to be present. Inspection of the imaginary part of sample (18) H2YFp2/473 (Figure 8h) shows a close resemblance of the main peak at about 1.8 8, with ferrocene ( Figure 9 0 . Furthermore, this peak position remains almost unchanged compared to sample H2YFp2/295. In sample H2YFp2/295, this peak is primarily due to Fe-carbon backscattering from the cyclopentadienyl ligands. Thus a Cp contribution was included in the fit of H2YFp2/473, and a good agreement between original and calculated file was achieved as shown in Figure 1Of . The results listed in Table I11 indicate the presence of Fe-Cp and Fe-O coordination shells in this sample. The two different Fe-0 distances suggest the presence of two iron species, i.e., a zeolite anchored CpFe(OZ), "half-sandwich" fragment in addition to a smaller amount of bare iron ions at the shorter oxygen bond distance. Additional TPD-MS experiments were carried out to probe the presence of CpFe+ fragments in the zeolite. After heating for 10 h at 383 K under vacuum, the temperature was ramped up to 500 K. The corresponding mass spectra showed indeed the evolution of protonated Cp long after all carbonyl ligands have been desorbed. This result provides additional evidence for the formation of intrazeolite FeCp fragments and their high thermal stability. 1 1 1 , , , 1 1 , , , 1 1 1 , 1 , , 1 , , , 1 , , , , 1 , , , , , The coordination distance between bare iron ions and zeolite oxygen in this sample is very similar to that found in sample Fey. (This sample was prepared by ion exchange with FeS04 under anaerobic conditions, dehydrated under oxygen flow, and reduced under hydrogen at 623 K). A fit shown in Figure 12b was achieved with two oxygen distances of 2.1 2 and 1.97 8, respectively, values close to those obtained from X-ray diffraction data of similar ~amp1es.I~ The corresponding average coordination numbers (Table 111 ) indicate a 1:l partition between sites having 3-and 2-fold coordination to oxygen.
Thermal Decomposition of [ C P F~( C O )~]~ in H6Y (Sample H6YFp2)
. If the precursor dimer 1 is loaded into fully proton exchanged HY zeolite (sample H6YFp2), the major intrazeolite reaction product is theprotonated dimer 3 (2066, 2039, and 2012 cm-'; reported: 2068, 2045 , and 2022 cm-l in an H2SO4 film20), in addition to some carbonyl cation 2 and unreacted 1 ( Figure  13 ). Upon heating, the unreacted dimer is the first to decompose at even lower temperature than that observed in H2YFp2 and NaYFp2. Between 333 and 353 K, decomposition of 3 occurs prior to that of the cation, which is stable up to about 400 K. Mass spectra taken simultaneously with the FTIR experiments are shown in Figure 14 . Evolution of carbon monoxide begins at 345 K and develops into continuous desorption with broad peaks at 370 and 445 K. A fragment m / e 67 (probably CsH7+) shows some correlation with the CO evolution. It appears that the highly acidic environment of H6Y causes not only fragmentation of the iron complex as observed in the FTIR studies but also acid-catalyzed reactions of the organic ligands present in the zeolite. These reactions complicate the interpretation of TPD data of highly acidic supports.
Intrazeolite Chemistry of Ferrocene. Partially acid zeolite H2Y was loaded with 2 molecules of ferrocene per supercage (sample H2YFeCp2). If this sample is heated under vacuum to 473 K, analysis of the corresponding EXAFS data indicates that, despite a different precursor complex, again the "half-sandwich" fragment CpFe(OZ), (OZ = zeolite oxygen, n = 2) has been formed (Table   111 ). The usually very stable complex (decomposition temperature >800 K) remains almost unchanged when adsorbed into the zeolite and heated to 373 K (compare Figures 9f and 15a,b) . However, a fraction of the ligands is lost between 373 and 473 K as shown in Figure 15c by the reduction of the peak at about 1.7 8, (uncorrected) . The shape of the imaginary part of the FT remains almost unchanged but grows broader. Small higher shell contributions are visible at about 2.6 8, which grow with rising temperature. These features are tentatively assigned to zeolite Si/A1 atoms. A good fit is obtained if a convolution of cyclopentadienyl 1 1981, 77, 937. 
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The Journal of Physical Chemistry, Vol. 93, No. 11, 1989 4569 and oxygen ligands is considered (see Table 111 , Figure 15d) . Thus, the CpFe fragment is coordinated to the zeolite oxygens at 2.07 A. The loss of cyclopentadienyl from the ferrocene-loaded sample upon heating is also confirmed in the desorption mass spectrum. Decomposition is not accompanied by the appearance of the FeCp' fragment in the mass spectrum ( m / e 121) which is observed in the MS of ferrocene. Thus, ferrocene is not desorbed as an intact molecule, but fragments such as FeCp' must be retained in the zeolite host. In conclusion, the thermal decomposition of ferrocene in partially acid zeolite Y results in the formation of zeolite-attached half-sandwich fragments. After being heated at 473 K, both samples H2YFp2 and H2YFeCp2 exhibit a bright green color. In contrast, the samples differ markedly in color if only heated to 373 K (H2YFp2; pink; and H2YFeCp2, grey brown). This supports the formation of similar intrazeolite ligand spheres even though the iron precursor complexes were different.
Homogeneity of Iron Deposition in the Zeolite Host. An important issue is the question whether the iron species are homogeneously distributed throughout the zeolite microcrystals or if they are preferentially deposited on the crystal surfaces. Model calculations based upon average zeolite crystal sizes of 2 pm show that the outer crystal surface area is about 2 orders of magnitude smaller than required to accommodate the loaded amount of iron species at zeolite coordination sites. Together with this result, the complete intrazeolite uptake of the iron complexes in this study (and of other organometallics in previous s t~d i e s~.~) provides strong evidence for predominant intrazeolite deposition of the iron species.
Adsorption of CO into Iron-Loaded Zeolite Samples. Carbon monoxide (20 Torr) was equilibrated with samples at different stages of the intrazeolite reactions to examine the reactivity of the remaining fragments in the zeolite host. Only gaseous CO and some carbon dioxide were detected in the IR data of samples which have the cationic complex 2 still present (sample H6YFp2 at 365 K), or when finally all CO ligands are split off (H2YFp2 at 460 K). No new carbonyl complexes are formed and all CO is removable upon evacuation. This is not surprising in light of the saturated and stable coordination spheres of the proposed reaction products. The formation of C 0 2 is probably due to a catalytic conversion of CO.
Discussion and Summary
Intrazeolite Reactions at Room Temperature. The cleavage reaction of 1 is well studied in homogeneous The dimer 1 reacts in HC1/CHCl3 to CpFe(C0)2Cl, which forms the tricarbonyl cation 2 under C O pressure.l5 Proton-exchanged zeolites (pK, < -3) represent solid acids of strength comparable to concentrated mineral acids.26 It is found in this study that the tricarbonyl cation 2 forms in the zeolite pores via oxidation of the precursor dimer at room temperature. The EXAFS data agree very well with this reaction path as described in the following.
The intensity of the iron-iron scatterer pair is reduced to 20% after adsorption into the zeolite, indicating cleavage of the metal-metal bonds of 1. Coordination distances and numbers derived from the EXAFS data are in line with the formation of 2. Crystallographic data of the C P F~( C O )~P F~ salt2'show an of the peak at I .8 A, due to overlap of three carbonyls with the Cp fragment. Additional increase in intensity of the first peak is due to iron coordination to zeolite oxygens. The bond angle between the bridged Fe-COb in 1 is 138", remarkably different from 176" in the monomer. This almost linear arrangement of the CO ligands in sample H2YFp2/295 leads to an enhancement of the "focus effect" of the multiple scattering process, resulting in an increase. in peak intensity at 2.9 A. Furthermore, the increase of the third peak may be caused by overlap with the Si/AI scatterers corresponding to zeolite coordinated iron ions. Since the Fe-O bond length in H2YFp2/295 is so similar to that of the CpFe(OZ), fragments of the other samples, we assign this bond to similar fragments formed already at room temperature. The EXAFS data are consistent with the formation of about 40% 2, 40% CpFe(OZ),, and a remainder of 20% 1.
The formation of the cationic complex 2 is not only determined by the relative concentration and strength of intrazeolite acid groups present, but it is also kinetically controlled. IR spectra taken on subsequent days show a growth of the cation content at the expense of the original dimer 1. Controlled adsorption of water or oxygen did not affect this reaction. This shows that it is not caused by potential contamination with these species. The slow increase of 2 explains why in the EXAFS sample measured about 2 weeks after synthesis 80% of the dimer is cleaved into the cationic complex, compared to only 20% in the sample shown in Figure 7 . IR data of the EXAFS sample indicate indeed a much larger fraction of complex 2 (Figure 11 ). The zeolite host H6Y with even higher proton activity opens a reaction path to form the protonated dimer 3. The analogous reaction in homogeneous medium is described in a recent publication.16 In a HBF4.OMe2/CH2CI2 solution, complex 1 is transformed into the hydrogen-bridged iron dimer [Cp-(CO),FeI2H+ under cleavage of the Fe-Fe bond.
Our experimental results can be understood with the following tentative reaction pathways at room temperature: medium acidity (H2YFp2): (Table 111) . These relative short bond distances are comparable to those found in an XRD study on Fe-Y zeolites dried at 673 K.I9 The result that an optimum fit was derived with two oxygen contributions indicates the presence of two species (bare iron ions plus CpFe(OZ), as discussed above). A smaller peak at about 2.8 A is now clearly visible at this temperature and is assigned to backscattering from the zeolite framework metals Si or AI. The combined appearance of these new peaks is a strong indication for coordination of the resulting complex fragments to zeolite cation sites. This has been demonstrated in several instances for transition-metal ions migrating into six-rings (or four-rings) upon dehydration of the respective aquo complexes residing in the zeolite host supercage.'8 At higher temperatures, the tricarbonyl cation thus splits off all CO ligands to form the "half-sandwich" CpFe+(OZ);, coordinated to oxygen of the oxygen rings in the zeolite supercage. The EXAFS data suggest that n is between 2 and 3, depending In conclusion, this study demonstrates that depending upon the stoichiometry of zeolite protons vs the amount of iron starting complex different intrazeolite reaction routes are predominant. The EXAFS studies confirm the infrared and TPD-MS results related to carbonyl species and show that at elevated temperatures organoiron fragments are anchored to the zeolite framework after loss of carbonyl and other ligands. Related studies of other organometallics in zeolites are reported elsewhere33 and will be subject of future reports.
